A B S T R A CT To examine the switch from fetal to adult hemoglobin at the cellular level, erythroid progenitor cells from newborn infants and adults were cultured in methyl cellulose with erythropoietin. Individual erythroid colonies were labeled with [3H]-leucine at various times, and globin synthesis patterns examined by gel electrophoresis and fluorography. The percent Ay-or fl-globin synthesis was determined from the total of y + P, and the percent Gy from the total of Gy + Ay. The nonparametric correlation coefficients of percent G-y with percent y or # were obtained. Each group of colonies at each time point was examined separately. In colonies from adult blood, the proportion of Gy-synthesis did not correlate with the proportion of y-synthesis. Colonies from newborn blood fell into two groups. Those that developed from relatively mature progenitor cells, and were seen on day 14, showed a strong negative correlation of Gy with f3-globin synthesis. However, those newborn colonies that developed from immature progenitors, and were seen later in culture (days 17 and 21), showed no correlation of Gy with A-synthesis. These findings are compatible with a clonal model for hemoglobin switching. Fetal progenitors, in which G'y-and #-syntheses are negatively correlated, are gradually replaced during ontogeny by adult progenitors. The adult progenitors produce more If (less y), and the proportions of Goy-and y-or Bi-synthesis are not correlated.
INTRODUCTION
During normal human ontogeny there is a switch from fetal to adult hemoglobin (Hb)' (Hb F, a27y2 to Hb A, This work was presented, in part, at the American Society of Hematology, 7 December 1981, and appeared in abstract form. 1981 Blood. 58(Suppl. 1): 68a. (Abstr.) Received for publication 9 July 1982 and in revised form 30 November 1982. ' Abbreviations used in this paper: BFU-E, erythroid burst-forming unit; Ep, erythropoietin; Hb, hemoglobin; KRP, Krebs-Ringer phosphate buffer. a2#2), due to a change in non-a-globin synthesis (1) .
Patients with hemoglobinopathies, such as sickle-cell anemia or thalassemia, might be improved clinically if Hb F synthesis persisted. A second switch that occurs at approximately the same time during development involves the two y-globin genes, Gy and Ay, which code for glycine or alanine at amino acid position 136.
The proportion of Gy declines from -70% in fetuses and newborn infants to <50% in the small amount of fetal Hb found in adults (2, 3) .
Investigation of Hb regulation at the cellular level provides one approach to understanding of the switch. The pattern of Hb synthesis in colonies that develop in vitro from erythroid progenitor cells is assumed to reflect the Hb potential of that progenitor cell class. Hb F synthesis is increased in cultures derived from adult erythroid progenitors (4) ; several theoretical models have been proposed to explain this finding (5) (6) (7) (8) . In cultures of erythroid progenitors from fetuses or newborns, the reverse is seen. Adult Hb is synthesized in proportions equal to or greater than seen in vivo (9) . Similar results obtained from studies of erythropoiesis during ontogeny in the rhesus monkey led us to suggest that ontogeny of erythropoiesis could be associated with the gradual appearance of new classes of erythroid progenitors, with different Hb programs (10) .
Further study of this clonal model requires analysis of the Hb program of single progenitor cells. These progenitors produce in culture colonies of hemoglobinized erythroblasts. The presence of two cell populations during ontogeny might be postulated from skewed or bimodal distributions of Gy-or fi-(or y-) globin synthesis. Alternatively, the relationship between Gy-and ,3-or y-fproportions might be different in the two populations. The resulting observed distribution may be a mixture of the two individual distributions. There are several reports of single colony studies involving newborn or adult blood (11) (12) (13) (14) (15) . In all but one (15) , the proportion of Hb F synthesis was distributed normally, interpreted as suggesting a single population. In addition, the proportion of Gy-synthesis was reported to correlate with the level of Hb F synthesis.
Our studies, although similar in design to those mentioned above, have provided different results. We measured globin synthesis in individual erythroid colonies cultured from newborn and adult blood. We examined large numbers of colonies and studied various time points in the newborn experiments. Data were analyzed by several statistical methods. Although Gyand y-synthesis proportions were correlated in some of the early newborn studies, this correlation was no longer present in later newborn cultures, or in those obtained from adults. We have thus characterized the "fetal" erythroid progenitor as one which gives rise to colonies in which the levels of Gy-and y-or #-synthesis are correlated. The colonies from the "adult" progenitor, however, can be distinguished by the lack of correlation of these two parameters. Hb switching during ontogeny may thus be explained by the gradual replacement of the fetal by the adult progenitor. Globin chain synthesis was evaluated by electrophoresis on slab gels of polyacrylamide, acid, urea, and Triton X-100, modified from the previously described method (20) . The gel was 0.8-mm thick, 11- Coomassie blue, diffusion destained in 7% acetic acid-30% methanol, and impregnated with 2,5-diphenyloxazole (PPO) in dimethylsulfoxide (DMSO) for fluorography (21, 22) . We used preflashed x-ray film, XR5 and XAR5 (Eastman Kodak Co., Rochester, NY). The x-ray films were developed in a Kodak X-Omat, and scanned at 615 or 550 nm (for XR and XAR film, respectively) in a Gilford model 240 spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, OH) equipped with a linear transporter. The areas under the peaks were determined by connection of the lowest points surrounding each peak, and measurement with a Numonics 1250 planimeter (Numonics Corp., Lansdale, PA).
METHODS
The percent Gy-synthesis was calculated from Gy/(G'y + Ay)
x 100, and percent ,B-or y-synthesis from 13 or -y/(# + y) X 100.
The observed distributions of Gy and y or 13 (as well as transformations of each) in the groups of single colonies were plotted and examined for each experiment. That the observed data are samples from normal distributions was tested using the W statistic (23) . Nonparametric (Spearman's) correlation coefficients were obtained for Gy and # or G-y and y to measure the association of these quantities (24) . P < 0.05 is considered statistically significant and to suggest the associations described here.
The mean levels of Gy-and (3-syntheses were compared jointly in red, well hemoglobinized colonies and white, poorly hemoglobinized colonies using linear discriminant methods (24) . We do recognize that the lack of normality in the distributions of Gy and y or A may violate the assumptions of this approach. However, the results support univariate analyses using nonparametric methods (Mann Whitney tests) as well.
RESULTS

Studies of newborn blood
Colony growth. The number of colonies derived from the blood mononuclear cells of newborn infants increased with time in culture (Fig. 1) . The peak was 100-120 colonies/105 cells plated, and was reached on day 21, 16, and 13, respectively, in the experiments shown in Fig. 1 . Colony number and size also increased with increasing concentration of Ep, up to 1.5 U/ml.
Globin chain synthesis in whole plates. The time courses of synthesis of Gy-(of Gy + Ay) and (3-(of ( + Ay) globin are shown in Fig. 2 . On day 10, the earliest time studied, Gy-and (3-syntheses resembled the values seen in reticulocytes. The proportion of (3- synthesis then increased with time in culture, from 45 to 50% on day 10, to 70-80% on day 21 . Gy-synthesis remained at -60% in two experiments, and decreased slightly but not signficantly from 56 to 43% in one. Thus G-y-and (3-syntheses were not correlated over time in culture. Although the number of colonies was higher at 1.5 than at 0.5 U of Ep/ml, the relative synthesis of (l and Gy was the same at both Ep concentrations.
Globin chain synthesis in single colonies. Globin chain synthesis was examined in individual colonies at several times. Table I shows that the values for G-yand (3-syntheses in each group of individual colonies were similar to those obtained in whole plates examined at the same time. Thus, the colonies examined were representative of the overall growth in each case.
Representative spectrophotometric scans and fluorograms are shown in Fig. 3 . In these two individual colonies from 14-d cultures, the G-y-synthesis was -40% in both, while (-synthesis was 85% in one and 65% in the other. Nonglobin protein synthesis was minimal. The levels of Gy-and (-synthesis were uncorrelated in these examples.
The results of GCy-and (3-synthesis are compared for the three newborn studies in Figs. 4-6 and the data are summarized in Table I . In the example in Fig. 4 (study A), on day 14, GRy-synthesis decreased as (l-syn- significant. On day 17, however, GR-esynthesis did not decrease as (-synthesis rose and the degree of negative correlation between these two parameters was reduced.
In the study shown in Fig. 5 , globin synthesis was analyzed in red, well hemoglobinized, as well as white, poorly hemoglobinized colonies (Table I , study B). Although there was a trend toward less Gy-and more (-synthesis in the red colonies, the differences were not significant (F1,42 = 0.62, P > 0.25). We recognize the lack of normality in the distributions of the Gy, but the results do not suggest that there are any differences in these groups of colonies. The values were not significantly different by the Mann Whitney test either (U for G-y = 174, P = 0.48, U for (3 = white colonies separately, Gy-and fl-syntheses were strongly negatively correlated. Only five of each type of colony were examined on day 17 . As before, the globin synthesis patterns were the same in the red and the white colonies, and G-y-and fl-syntheses were correlated. Fig. 6 shows the third study, in which the removal of adherent cells before plating was investigated. Gyand fl-syntheses were the same (Table I, study C) in both groups on days 14 and 17, and were not correlated in either group. Only the standard culture was used on day 21 . As on the earlier days, G-y and were not correlated.
The studies of single colonies derived from newborn blood thus showed varying patterns of globin synthesis. In study B, Gy-and fl-syntheses were correlated on days 14 and 17. In study A, correlation was seen on day 14 , but to a much lesser extent on day 17 . In the third study (C), Gy Globin synthesis in whole plates and single colonies. The results of the studies of single colonies and whole plates are compared in Table III . As in the newborn experiments, the values for single colonies and whole plates were similar, and thus the colonies were representative of the cultures. The distribution of Gysynthesis appeared normal in all but one study, while the distribution of y-synthesis appeared normal in only one study (both were study B, Table III ).
The comparisons of Gy with y-synthesis are shown in Fig. 7 and summarized in Table III . Only red, mature, well hemoglobinized colonies were examined in studies A-C. The mean Gy-synthesis was similar (53, 47, and 57%) in these experiments, while mean y-synthesis varied (41, 16 , and 25%, respectively). In each case, Gy-and y-syntheses were not significantly correlated. In the fourth experiment, shown in Fig. 7D 14 white colonies. Mean GRy-synthesis was 60 and 47% in these colonies. Mean y-synthesis was 10 and 18%, respectively. Thus, G-y-synthesis was higher and y-synthesis lower in the red, well hemoglobinized colonies than in the white colonies, (F1,31 = 8.73, P < 0.005), again recognizing that the distribution of y was not normal. (The Mann Whitney test U statistic is 60 for Gy, P = 0.5, and U for y = 70, P = 0.01). Thus, the -y-values were significantly lower in the red colonies.
As before, Gy-and y-syntheses were unassociated in each group. However, analysis of the combined red and white colonies showed the same level of correlation of Gy with y as the red colonies alone. The studies shown in Figs. 7 C and D were from the same donor on two different occasions. Mean y-synthesis by the red colonies in these experiments was 25 and 10%, significantly different (U = 130, P < 0.001), while mean Gy-synthesis was similar in both (57 and 60%) (U = 519, P = 0.19). This emphasizes the lack of association between Gy-and -y-syntheses in colonies derived from the peripheral blood BFU-E of adults.
DISCUSSION
The characteristics of our adult cultures were similar to those reported by others, except that we did not remove adherent cells. The peak time and plating efficiency for the adult studies were day 14 and 5-40
Hemoglobin Switching during Ontogeny In the newborn cultures, the proportion of f3-globin synthesis increased with time in culture, as has been observed by others (13, 25, 26) . The proportion of Gysynthesis was essentially unchanged, as has also been noted previously (13, 25) . The rise in (3-synthesis has been ascribed to a relative loss of -y-gene expression as erythroblasts progress from immature to mature (26) (27) (28) (29) All experiments were done at 2U Ep/ml.
bination of Goy-and y-or A-proportions served to identify two classes of erythroid colonies. The fetal class was characterized by correlation of these parameters, and the adult class by a lack of this correlation. Our data can, thus, be explained by a clonal model for Hb switching (Table IV) . In this model, there are two types of erythroid progenitors that emerge during ontogeny. The truly fetal progenitor is unique to the fetus. It is characterized by a high proportion of ysynthesis (low Al), which correlates with the proportion of Gy-synthesis on a clonal basis. The other progenitor, which is "adult", or "fetal-like", results in some Hb F (i.e., Ay) synthesis in vitro, which exceeds that seen in vivo, but is less than is seen in truly "fetal" colonies. In this adult population, Gy-and y-syntheses are not correlated.
Both types of progenitors may be detected at birth. In our studies, the fetal progenitor was identified by the production of colonies on day 14 alone, or on days 14 and 17. The adult, fetal-like progenitor produced colonies only on day 17, or on both days 14 and 17. The exact timing of the growth of colonies from each type of progenitor may reflect the individual variation in the development of these "term" infants.
Our data show a temporal separation of the two types of colonies in newborn infants. "Fetal" colonies were produced from fetal erythroid progenitors, which presumably arose from the fetal pluripotent stem cell during in utero-ontogenic development. Those fetal erythroid progenitors replicated and amplified to fill the erythroid compartment with mature erythroid progenitors. These in turn could develop colonies rapidly in vitro, i.e., on days 14 and perhaps 17. The colonies assayed at later culture times, such as days 17 and 21, presumably derived from less mature erythroid progenitors, committed to erythropoiesis from pluripotent stem cells later in ontogeny. These stem cells were of the "adult" class. These erythroid progenitors, which arose later in ontogeny (near term),
had not yet had time to amplify and fill the mature erythroid progenitor compartments. Thus, their colonies took longer to emerge in culture.
One alternative model for Hb switching involves a biological time clock, which predicts a continuous evolution of the Hb programs in progenitor cells. This model is not supported by our finding of two temporally separated classes of progenitors. Failure by others to observe a bimodal distribution of Hb F in day 14 colonies is clearly not incompatible with a clonal modal in which the fetal and adult cohorts appear at different (30) . This is additional evidence for discrete differences between 
